Driven by digital solutions, the bioeconomy is taking major steps forward in recent years toward achievement of the long-lasting goal of transition from a traditional fossil economy to a bioeconomy-based circular economy.
Introduction
The marked advancement of the Internet has generated the digital economy, changing the way we conduct business and our daily lives (Tapscott, 1994) . This advancement has hence created a digital economy and also transformed the traditional bio-based economy 1 , particularly, in the present context, the forest-based bioeconomy, into a consolidated platform. This transformation is not associated to natural resources and technologies only but also complex future trajectories of societies, firms and individuals. These trajectories are informed by socio-cultural and ethical perspectives as well as techno-economic perspectives (VTT, 2017) . Wider socio-economic transformations, not merely technological and material processes can be expanded by the service strategies of such an economy (Pelli et al., 2017) .
Thus, driven by digital solutions, the bioeconomy is taking major steps forward in recent years, enabling the potential achievement of the long-lasting goal of transitioning from a traditional fossil-based economy towards a bio-based circular economy (MISTRA, 2017).
Consumer preferences have tended to shift towards supra-functionality and now go beyond basic economic value, encompassing social, cultural and emotional values (McDonagh, 2008; Watanabe et al., 2015) . In this context, a circular economy ultimately seeks to decouple global economic development from infinite resource consumption (Ellen Macarthur Foundation, 2015) . Accordingly, the coupling of digitalization and bioeconomy that emerges digitalized bioeconomy satisfies a downstream shift in consumer preferences (Watanabe et al., 2018b) . Furthermore, these preferences induce further upstream coupling of the value chain. Thus, the co-evolutionary coupling of bioeconomy and digitalization and of upstream and downstream operations is transforming the forest-based bioeconomy into a digital platform industry.
Mega trends: population growth, urbanization, demographic change, resource scarcity, role of renewables, digitalization, e-commerce, climate change, responsibility and compliance highlight the importance of bioeconomy-based circular economy. New emerging technologies such as industrial biotechnologies, 3D printing and energy technologies give new ways to create innovative solutions without compromising the sustainability. All these bring economic, social and environmental value to the stakeholders and the society.
M A N U S C R I P T
A C C E P T E D ACCEPTED MANUSCRIPT 3 To date, many studies have analyzed the systems nature of the forest-based bioeconomy. Several studies have pointed out the possibility of creative disruption by stemming from the abovementioned mega trends confronting the pulp and paper industry (PPI) as opportunities rather than threats (e.g., Hetemaki et al., 2014; Hetemaki, 2016) . The possibility of achieving digital solutions has accelerated these studies.
Therefore, we attempt to demonstrate the above hypothetical view by conducting an empirical analysis of the core business activities at the forefront of both the upstream and downstream operations of the forest-based bioeconomy chain. In particular, we showed a transformative stream resulting in the construction of a creative disruption platform and the embracement of digital solutions (Watanabe et al., 2017) . While this analysis provides new insight into a forest-based bioeconomy within a digital economy, digitalization does not stop the transformation stream as the PPI produces more diversified products (Toppinen et al., 2017) such as biofuels, biocomposites, biochemical and renewable materials for plastic industry. In addition, actors from different sectors interact and play different roles (Giurca et al., 2017) , and all stakeholders involved in the forest-based bioeconomy should be considered (Mustalahti, 2018) .
Consequently, new insight is provided into the forest-based bioeconomy as well as numerous industries in the digital economy that are constructing a creative disruption platform by embracing digital solutions.
Based on these expectations, we attempted to trace this transformation by developing a model that explains abovementioned dynamism and demonstrated its reliability through an empirical analysis focusing on the development trajectory of UPM (forest-based ecosystem leader in Europe and a world pioneer in the circular economy) over the last quarter century since after the emergence of the digital economy, highlighting its efforts towards planned obsolescence-driven circular economy.
The process of consolidating a platform similar to a super computer called 'super digital biofore computer' by consolidating upstream and downstream operations as well as producers and consumers (prosumer) was envisioned, wherein 'biofore' implies a sustainably growing bio-forest (Watanabe et al., 2018b ).
Since an enabling mechanism of this 'super computer' has been strongly required, the operationalization of the aforementioned concept of the co-evolutionary coupling of bioeconomy and digitalization and of upstream and downstream operations is also necessary.
Therefore, this paper attempts to operationalize the dynamism of this co-evolution by tracing the above mentioned transformation dynamism. In order to demonstrate the reliability of the model used for the analysis, an empirical analysis focusing on the development trajectory of UPM over the last quarter century was conducted, with special attention placed on the resurgence of the planned, obsolescence-driven circular economy.
In long-lasting debate on planned obsolescence (e.g., Swan, 1972; Bulow, 1986;  M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT 4 Aladeojebi, 2013), many industries focused on a profit maximization strategy and produced goods and services with intentionally shorter economic lives to stimulate consumers to make repeated purchases in a shorter period of time. While some recent analyses (e.g., Fabian, 2016; Satyro et al., 2018) discussed a significance of planned obsolescence toward a circular economy, no analysis has undertaken planned obsolescence strategy in the context of the development stage of the industry toward a circular economy.
In light of the transformation of a fossil economy towards a bioeconomy-based circular economy amidst an abundance of digital solutions, this paper attempts to explore new insights into creative disruptive platform that is expected to be initiated by a planned obsolescence-driven circular economy enabled by the co-evolution of the coupling of bioeconomy and digitalization and of upstream and downstream operations.
In line with an orientation towards a planned obsolescence-driven circular economy, UPM has incorporated a self-propagating function that accelerates digital solutions. Furthermore, this self-propagating function was promoted through coupling with a downstream leader, Amazon, in the United States.
The dynamism in transforming a forest-based bioeconomy into a digital platform industry is thus clarified, and new insights common to all industries in the digital economy are provided.
The structure of this paper is as follows: Section 2 explores the dynamism in constructing a consolidated platform ecosystem. Section 3 reviews the co-evolution of the dual couplings of the bioeconomy and digitalization, and of upstream and downstream operations. Section 4 analyzes sustainable development with an orientation towards planned, obsolescence-driven circular economy. Section 5 briefly summarizes noteworthy findings, implications and suggestions for future works.
Dynamism in Constructing a Consolidated Platform Ecosystem

Digital Solution for Transformation into a Creative Disruption Platform
We previously demonstrated that the advancement of digital innovation transforms the value chain of the forest industry into a creative disruption platform in a stepwise manner creating a consolidated platform ecosystem (Watanabe et al., 2018b) . The conventional linear supply chain from forestry to consumption (step 1) transforms into creative disruption platforms within the upstream and downstream industries (step 2). Disruption in upstream is induced (step 3) by the espousal of digital solutions and creation of new business systems in the downstream (step 4). This is how we can expect the emergence of creative disruption in the value chain of forest-based bioeconomy. Moreover, diversified production to address the people's shifting preferences for eco-consciousness, different actors' varying roles and interaction in the value chain as well as stakeholders involvement accelerate the consolidation of up-downstream operations and thus leads forest-based bioeconomy into a digital platform industry (step 5).
The forest-based ecosystem leader in Europe, UPM in Finland, has undertaken a strong initiative to restructure its business model and has moved towards digital-driven solutions and an eco-design approach since the beginning of the second decade of this century, whereas Amazon has aggressively embraced digital solutions to diversify its products and to improve users' experience on the downstream side. Thus, similar to the conspicuous business accomplishments of Amazon on the downstream side, UPM has demonstrated notable accomplishments on the upstream side as evidenced in Figs. 1 and 2. 
Planned Obsolescence-Driven Circular Economy
1) UPM's Endeavor Towards Developing a Circular Economy
UPM's resurgence can be attributed to its strategic shift towards a planned obsolescence-driven circular economy that is enabled by digital solutions integrating both upstream and downstream operations. It has taken strong initiative to shift from the fossil economy towards a circular economy.
UPM was established in 1995 by the merging of the Kymmene Corporation and Repola Ltd with its subsidiary United Paper Mills Ltd, as illustrated in Fig. 3 . The new company started operations on May 1, 1996.
Fig. 3. Development Trajectory of UPM.
Source: Elaborated by the authors based on UPM (2016).
UPM has a long tradition in the Finnish forest products industry. The group's first mechanical pulp mill, paper mills and sawmills started operations at the beginning of the 1870s. Pulp production began in the 1880s and pulp was converted to paper by the 1920s, with plywood production beginning the following decade. The present group comprises approximately 100 production facilities that originally functioned as independent companies. Among others, the following companies and forest industry operations were merged into the group: Kymi, United Paper Mills, Kaukas, Kajaani Schauman, Rosenlew, Raf. Haarla and Rauma-Repola.
In 2008, UPM adopted a new, market driven business structure comprising three business groups: Energy and Pulp, Paper, and Engineered Materials (UPM, 2008). Later in 2013, UPM once again implemented a new business structure to drive a clear change in profitability. Thus, UPM further developed its business portfolio and changed from a While UPM started as a resource intensive firm, it recognized the potentially fatal shift from a fossil economy to a non-fossil economy within the emerging context of sustainable development, as illustrated in Fig. 4 .
Fig. 4. Transforming Direction of Business Model Toward Bioeconomy-based Circular Economy.
Source: UPM Annual Report (2017).
Circular economy thinking addresses two crucial global issues i.e. climate change and scarcity of natural resources. In circular economy, materials, production waste and products are recycled several times to create added-value through smart solutions. Moreover, waste generation is avoided by maximizing the use of renewable energy and materials. UPM aims to achieve the target of no process waste to landfills by 2030. For longtime UPM is pursuing eco-design approach, covering the impacts of entire lifecycle and special attention is paid to the biodegradability of products. 'More with Biofore' is at core of UPM's circular economy strategy. Three building blocks of this approach are innovations, resource efficiency and sustainability therefore, UPM innovates products from residues, sidestreams and waste. UPM make renewable products that replace non-renewable materials with renewable materials. Unlike fossil-based resources, the sustainable use of renewable resources adds no new carbon dioxide into the atmosphere. For example, UPM's biofuels and bioenergy replace fossil fuels. UPM Formi (suitable material for injection moulding) composite is composed of wood-based cellulose and plastic. Moreover, increasing use of recycled nutrients at UPM's effluent treatment plants, are the significant developments to achieve the goal of zero waste to landfills.
The UPM Kaukas mill (Lappeenranta in south east Finland) is a frontrunner in the circular economy. The mill site makes efficient use of wood-based raw materials and converts residues into goods with economic value. The production facility comprises a pulp mill, paper mill, sawmill and biomass power plant that produces bio-energy, as illustrated in Fig. 6 , all of which consume a considerable amount wood-based raw materials. All raw materials are efficiently utilized to minimize waste. This integrated mill is a world-leading industry frontrunner in the efficient use of resources and the harnessing of side streams and is hence leading UPM's circular economy-based business model. This business model consists of five principles: (i) circular supplies, (ii) resource recovery, (iii) product life extension, (iv) sharing platforms and (v) products as a service (Salmela, 2016) . These five principles can be satisfied by digital solutions. Thus, it is evident that UPM's resurgence can be attributed to its digital solutions-driven eco-design approach. Source: Biofore (UPM, 2017b).
These endeavors are supported by the advancement of digital innovation and ICT-driven disruptive business strategy. Similar to the leading challenge observed in the downstream of the value chain initiated by Amazon, this challenge has been undertaken by leading firm UPM in the upstream of the chain. UPM extensively use digital solutions in processes in the mills; however, in the future digitalization will increasingly be visible in customer-fronted processes such as sales, supply chain and quality monitoring. For instance, UPM launched eOrder service for paper ordering in 2017. 'The service developed for UPM ProFi, a biocomposite material for decking, helps in managing the M A N U S C R I P T
A C C E P T E D ACCEPTED MANUSCRIPT 9 certified installer base by combining online marketing and training, external services and customer relationship management platform'. Another example is UPM Metsäni application, a mobile service for forest owners provides them volume, age structure and estimated value of the forest. The objective of this application is to increase the wood trade by engaging the private forest owners. Thus, digitalization continuously creates new opportunities for pulp and paper industry.
2) Metabolism Initiated by Planned Obsolescence Strategy
In line with the increasing burden of R&D investment, the advancement of the digital economy and the significance of the circular economy, the strategy of planned obsolescence has become important in constructing firms' business models (Keeble, 2013; Obeng et al., 2014) .
It is generally understood that planned obsolescence seeks to intentionally produce goods and services with short economic lives, stimulating consumers to repeat purchases in a shorter period of time (Slade, 2006) . However, it seeks the opposite in a circular economy. Nowadays, huge buying power from the consumers' perspective and the exponential incline of online social media emerge consumer-led obsolescence (Keeble, 2013) . This inevitably increases the significance of psychological obsolescence which can be defined as the subjective devaluation of product perception based on learned experience, emotional attachments or benefits, status achievement, fashion, or esthetic quality. In psychological obsolescence consumers' reaction to product longevity differs depend on the "stage" of people, nation and producers (Fabian, 2015) .
Under such circumstances, contrary to traditional understandings, obsolescence management differs depending on the development stage of the industry in the digital economy (see details in Sections 4.3.1 and 4.3.2).
Provided that firms seek profitable R&D with minimum R&D investment and maximum utilization of digital solutions, profit maximization can be attained by the following strategy, as illustrated in Fig. 7 (see details in Fig. 12 and Appendix 2):
A. Traditional economy where productivity increases by rapid technology substitution This metabolism provides insights into the analysis of shifting trends and, in particular, new stream of innovation in the digital economy in the co-evolution of three mega trends; co-evolution between advancement of ICT, paradigm change and people's preferences shift from economic functionality to supra-functionality beyond economic value as shown in the upper left of Fig. 8 .
We previously postulated that the advancement of ICT initiated by the Internet has provided people with utility and happiness, which cannot be captured through GDP data that measure economic value resulting in productivity decline; hence, we define these as uncaptured GDP. We then demonstrated the foregoing co-evolution as a new stream of innovation in the digital economy (Watanabe et al., 2016) .
Under such circumstances, against productivity decline, global ICT firms have aimed to transform their business models through incorporating new streams of digital solutions-driven disruptive business model that spontaneously creates uncaptured GDP instead of passively depending on it as shown in the middle of Fig Locomotive power of this stream can largely be attributed to the effective utilization of soft innovation resources 2 that activate self-propagating function identical to ICT and that induce functionality development, leading to supra-functionality beyond economic value that encompasses social, cultural and emotional values, corresponding with people's shift in preferences as reviewed earlier (Watanabe et al., 2018a).
UPM's digital solutions-driven planned obsolescence approach enables the long-lasting goal of achieving a circular economy and shifting away from a traditional fossil economy.
This process corresponds with the transformative stream spontaneously creating uncaptured GDP by harnessing identical soft innovation resources as (i) circular suppliers, (ii) resource recovery, (iii) product life extension, (iv) sharing platforms, and (v) involvement of downstream potentials, as illustrated in the lower right of Fig. 8 . This provides insights particularly into the firm level transformative strategy.
Fig. 8. Shifting Trends in the Co-Evolution of Three Mega Trends: Contrast
Between the Individual Level, Firm Level and Societal Level.
Individual level
Passive dependence on uncaptured GDP
Societal level
Socio-cultural creation of uncaptured GDP
Firm level
Spontaneous creation of uncaptured GDP against productivity decline (i) shifts in preferences towards supra-functionality, (ii) sleeping resources, (iii) drawing upon past information, (iv) providing utmost gratification ever experienced, (v) memory and future dreams (vi) untapped resources and vision. 
Co-Evolution of Dual Couplings
Coupling of the Bioeconomy and Digitalization
Inspired by the foregoing observations, the co-evolution of the dual couplings of bioeconomy and digitalization and of upstream and downstream operations was analyzed, as this is considered the locomotive power of the metabolism that has led to UPM's noteworthy resurgence. A bioeconomy-based circular economy, which has formed the focus of UPM, as illustrated in Fig. 6 , is coupled with internet-driven digitalization which promotes the digitalization of business processes, customer experiences and products and services in addition to the re/innovating of business models.
From this coupling, a digitalized bioeconomy emerges in which the efficient management of raw material streams, data-based business models and decision making tools enable the formation of network-based business models and the collaborative governance of natural resources. These endeavors activated the effects of coupling with downstream operations as illustrated in Fig. 11 .
The market capitalization of UPM is governed by its indigenous efforts as its profit increase (e.g., improvement in operating income: OI) and innovation effort (e.g., increase in R&D investment). It is also subject to external situations, such as the economic environment as demonstrated by the SP500 Index in the EU. Furthermore, given the creative disruption between upstream and downstream flows, UPM's market capitalization is influenced by Amazon's creative disruption efforts in the downstream, as represented by its stock price. 
Fig. 11. Coupling of Upstream and Downstream Operations -A Case of UPM's Market
Capitalization Effect (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) (2016) .
In Fig. 11 and abovementioned correlation analysis, we noted that UPM has been sustaining an increase in market capitalization since 2012, as reviewed earlier (Fig. 2) . The effects of R&D and economic environment on transforming market capitalization into sustainable increases were not entirely remarkable, yet this transformation can largely be attributed to the improvement in operating income and also the stockprice increase of Amazon in the downstream. The former contribution can be primarily attributed to the coupling of bioeconomy and digitalization, as outlined in section 3.1, and the latter contribution can definitely be attributed to the coupling of upstream and downstream operations initiated by the virtual link e-commerce link, as shown in Fig. 10 . Furthermore, spiral increases in both couplings thereafter convince us that the co-evolution between these two couplings is well functioning. 
Sustainable Development Based on a Planned Obsolescence Driven Circular Economy Orientation
Analytical Framework
UPM's resurgent development by means of a planned obsolescence driven circular economy enabled by co-evolutionary coupling is demonstrated as following.
Given the Internet commercialization in 1991 which triggered the digital economy, this has provided significant impact on UPM's development strategy in shifting from natural resources dependent structure to digital solution seeking structure.
This shift can be examined by digital solution substitution for natural resources as depicted as follows:
ln = + ln
where I: Internet dependence as a proxy of digital solution 3 ; E: energy consumption as a proxy of natural resources dependence; p i : Internet price; p e : energy prices;
: elasticity of Internet substitution for energy; and a: coefficient.
In this equation, in case when > 1, I substitution for E can be demonstrated 4 . Table 1 summarizes the result of the above correlation analysis in UPM over the period of 1991-2017 which demonstrates statistically significant. The figures in parentheses indicate t-statistics: All are significant at the 1% level. Table 1 demonstrates digital solution (I) substitution for natural resources (E) which endorses that UPM has been endeavouring to shifting from natural resources dependent structure to digital solution seeking structure for its survival in the digital economy.
With this pre-analysis, UPM's resurgent development trajectory analysis was conducted focusing on its digital solution seeking trajectory. 
Data Construction
Data utilized for the analysis are tabulated in Table 2 (see the details of the data in Appendices 3 and 4). Upon examining Fig. 14 we noted that sales generally increased at the beginning of this century (except during Asian financial crisis in 1998), as the industry enjoyed the benefits of this emerging economy. Thereafter, sales generally decreased as the industry shifted to a matured economy. This continued decrease was once again modified to an increasing trend during the early part of the second decade of this century, allowing UPM to generate the world's top net income in 2015, as shown in Fig. 1 . This recovery can be attributed to the shift towards a circular economy, as described in Section 2. R&D investment was demonstrated to be generally subject to trends in sales. Figs. 15 and 16 illustrate trends in Internet dependence in Finland, Japan, Singapore and the USA and in the long-term interest rate in European countries over the 1990-2017 period, respectively. 
Empirical Analysis 4.3.1 Creation of Technology Knowledge Stock and Market Value
Measurement of technology knowledge stock and market value is essential for the analysis of UPM's technology-driven development trajectory towards a circular economy. Griliches (1980) postulated that technology knowledge stock can be measured as a cumulative stock of R&D investment by considering the obsolescence rate ( for commercialization (m), as illustrated in Fig. 12 (see the details of the equation in Appendix 1). It was previously identified that firms attempt to manage this lead time depending on the rate of obsolescence of technology (Watanabe, 1999) . Similarly, market value can be measured as the cumulative stock of sales taking into account their depreciation rate (:). In this case, contrary to technology knowledge stock, lead time can be considered negligibly small (see also Fig. 12 and Appendix 1) . Generally, 'depreciation' in a broad sense (sometimes also called 'obsolescence') can be defined as the loss in service value incurred in connection with the consumption or prospective retirement of a property (NARUC, 1996) . It generally results from two principle classes of losses: (i) traditional mortality forces, such as wear and tear from usage, deterioration with age and accidental or chance destruction, and (ii) technological obsolescence (Barreca, 2000) . These losses can be derived from either physical obsolescence or technical obsolescence mechanisms (Aladeojebi, 2013) . Before the 1970s, the overwhelming drivers of mortality for utility property were traditional mortality forces before the 1970s (Barreca, 2000) ; however, technological obsolescence has a primary role as technology advances. When technological obsolescence is present, mortality rates increase with the passage of time (Barreca, 2000) , leading to a much higher obsolescence/depreciation rate than that of stemming from traditional mortality forces. In this paper, in line with Griliches (1980) , the depreciation rate of technology is framed as the rate of obsolescence of technology, while the depreciation rate of sales is framed as the rate of depreciation of sold goods and services.
Planned Obsolescence Strategy
The above postulates suggest that the rates of obsolescence of technology and depreciation of sold goods and services play decisive roles in measuring technology knowledge stock and market value. Particularly, careful attention should be paid to these rates of obsolescence and depreciation in the context of the resurgence of UPM and its planned obsolescence-driven circular economy.
1) Rate of Obsolescence of Technology
Confronting the stagnating trend in the forest-based bioeconomy of Europe as a consequence of the advancement of the digital economy and growing inertia in emerging economies, the planned obsolescence management strategy has become important in leading European pulp and paper firms (MISTRA, 2017). Leading pulp and paper firms in Europe have taken sincere consideration of planned obsolescence as a technology strategy (Mubareka et al., 2016) and have implemented digital solutions as an additional strategy stemming from the dramatic advancement of digital innovations (Mustalahti, 2018) . Traditionally, the purpose of this strategy was to force consumers to purchase newer products by shortening the natural end of life of the current products owned by M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT 21 consumers (Packard, 1960; Swan, 1972; Bulow, 1986; Slade, 2006; Aladeojebi, 2013) . However, in line with increasing concerns over the environment and consumer preferences, some concerns with respect to 'planned longevity' have arisen (e.g. Swan, 1972; Bulow, 1986; Keeble, 2013; EMF, 2015; Fabian, 2016; Satyro et al., 2018) . In light of the metabolic change in the forest-based bioeconomy, particularly in UPM's transformative development trajectory towards a circular economy, an optimal obsolescence management strategy encompassing both possibilities of shortening and extending technology life (UPM, 2017a) was sought in this paper based on the principle of profitable R&D with minimum R&D investment and maximum utilization of digital solutions, as demonstrated in Fig. 7 . In addition, the state of the development trajectory was taken into account (see the details of mathematical analyses in Appendix 2). There are two forms of obsolescence: external obsolescence and functional obsolescence (Barecca, 2000) . The former can be attributed to external circumstances including the development, diffusion and utilization of technology, whereas, the latter results from a flaw in structures, materials or design that diminishes the function, utility and value of an asset (Barecca, 2000). Here, flaw refers to any deficiency in an asset that negatively impact its ability to perform the desired function per customer expectation. With the rapid advancement of technology, technological obsolescence is the principle cause of functionality obsolescence today, overshadowing external obsolescence, which is relevant for the analysis of the rate of obsolescence of technology for measuring technology knowledge stock. Hence, technology-driven functionality obsolescence was focused on in this paper in the analysis of the rate of obsolescence of technology. It was previously demonstrated that firms' rate of obsolescence of technology can be depicted as a function of their technology knowledge stock level (Watanabe, 1999) . UPM's endeavour to shift towards a planned obsolescence strategy within a circular economy corresponds with a digital solution strategy primarily initiated by the effective utilization and advancement of digital innovation led by the advancement of the internet (I) (Tieto, 2017) . This preceding approach was utilized through developing Internet dependence rather than inducing general technology knowledge stock. This dependence represents a general trend in co-evolutionary coupling. As reviewed earlier, profit maximization can be attained by increasing the rate of obsolescence of technology ( (rapid substitution with new technology) in an emerging economy, while the reverse occurs in a matured economy. In a matured economy, an extension of the technology life cycle (decrease ) is required, corresponding with the principles of a circular economy (EMF, 2015; UPM, 2017a). In addition, as reviewed in Fig. 12 , given firms' planned obsolescence management strategy, their rate of obsolescence of technology is subject to the long-term interest rate, as demonstrated in Fig. 16 (see the detailed mechanism in Appendices 1 and 2).
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Based on the foregoing review and the historical review with international comparisons (Schott, 1978; Bosworth, 1978 ; Japan Science and Technology Agency, 1985; Mitsubishi Research Institute, 1991; Watanabe, 1992; Watanabe, 1999; OECD, annual issues), the rate of obsolescence of technology in UPM over the 1990-2017 period was estimated, as illustrated in Fig. 17 (see the details of the estimation approach and estimated values in Appendices 3 and 4). .
Fig. 17. Trend in the Rate of Obsolescence of Technology in UPM
Dynamic change in rate of obsolescence of technology, as reviewed in Fig. 12 , evidence the capacity of firms to change lead time between R&D and commercialization (m), as illustrated in Fig. 18 (see the details of estimated values in Appendix 4). This dynamic change in lead time was reflected in the measurement of the technology knowledge stock. . 
Fig. 18. Trend in Lead Time between R&D and Commercialization
2) Rate of Depreciation of Sold Goods and Services
In principle, the strategy of firms for the planned depreciation of market value is based on the similar strategy of planned obsolescence of technology (Keeble, 2013) . However, it largely depends on external obsolescence and is more sensitive to factors other than digital solutions (Disney et al., 2003; Obeng et al., 2014) . It is subject to the advancement of the Internet, similar to , yet it is also subject to the sales trend (S) or, specifically, the popularity of sold goods and services in the market. Yet notably, it is decisive factor of firms' planned depreciation strategy (Rodriguez et al., 2015) . In addition, technology knowledge stock (T) cannot be overlooked as it may produce new goods and services that substitute existing ones. Furthermore, advancement of the internet accelerates dissemination of goods and services in new emerging markets and extends their life cycle leading, to decreasing :. Hence, the rate of depreciation of sold goods and services : can be depicted by a function describing dependence on the Internet, the sales trend and technology knowledge stock.
Contrary to rate of obsolescence of technology, the depreciation of sold goods and services is primarily governed by traditional mortality forces, such as wear and tear and deterioration. These forces are typically a constant function of the age of the assets and do not change with the passage of time (Barreca, 2000) 5 .
In addition, compared to technological obsolescence, which increases the mortality rate over time, leading to a higher rate of obsolescence, the rate of depreciation of sold goods and services is considered to be much lower as it stems from traditional mortality forces.
Based on the foregoing review in addition to the lifecycles of UPM's leading products, the rate of depreciation of goods and services sold by UPM over the 1990-2017 period was estimated, as illustrated in Fig. 19 (see the details of the estimation approach and estimated values in Appendices 3 and 4). . 5 Barreca (2000) demonstrated as follows: 5 years ago, 10 year pld assets may have had a 3% retirement rate (depreciation rate); today, 10 year old assets would still have a 3% retirement rate; and 30 years from now, 10 year old assets would still have a 3% retirement rate. 
Fig. 19. Trend in the Rate of Depreciation of Sold Goods and Services
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Technology-Driven Market Value Development Trajectory
Utilizing the estimated rate of obsolescence of technology, the lead-time between R&D and commercialization and the estimated rate of depreciation of sold goods and services, the technology knowledge stock and market value of UPM over the 1990-2017 period were estimated, as illustrated in Fig. 20 (see Appendix 4 for estimated values). .
Fig. 20. Trends in Technology Knowledge Stock and Market Value of UPM
Based on these values, UPM's technology-driven development trajectory over the 1990-2017 period was estimated. Table 3 summarizes the estimated trajectory by comparing the trajectory of simple logistic growth (SLG) and logistic growth given the trajectory of dynamic carrying capacity (LGDCC) (see the details of mathematical development in Fig. 12 ). While the former saturates at a certain upper limit (carrying capacity), the later continues to increase, as it is supported by a self-propagating function and led by a dynamically changing upper limit that is induced by the incorporation of new innovations during the development process (Watanabe et al., 2004) . Upon examining Table 3 , we noted that LGDCC demonstrated a statistically better fit to the development trajectory, with a significant self-propagating function represented by the ratios of a k /a and b k /b which had substantial values of 0.42 and 0.06, respectively. 
Table 3 UPM's Technology-Driven Development Trajectory
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Circular-Economy-driven Restructuring
Utilizing the results of the above estimate, Fig. 21 illustrates the trend and prospect of UPM's trajectory of technology-driven increase in market value. Upon examining Fig.  21 we noted that UPM continued along its trajectory of technology-driven increase in market value based on SLG and shifted from an emerging development trajectory to a .
Fig. 21. Trend in UPM's Trajectory of Technology-Driven Increase in Market Value
UPM continued its efforts to increase market value yet suffered a saturation trend as a consequence of its of matured trajectory in SLG, which has been common among all Confronting full-fledged advancement of digitalization and worldwide overproduction of paper products since the beginning of this century, UPM was not an exception in shifting from an emerging to a matured state. It was obligated to close several paper mills in the first decade of this century. Because of these circumstances, UPM accelerated a circular economy-based business model in the beginning of the second decade of this century, leading to a restructuring into six business groups in 2013.
Planned Obsolescence-Driven Circular Economy
The newly formulated business groups are connected by a common idea: to create value from renewable and recyclable raw materials, synthesizing them based on know-how and technology. Such circular economy-driven restructuring enabled UPM to incorporate new functionality and to shift towards new development trajectory, as outlined in Fig. 8 . Specifically, this shift correspond to one from a SLG trajectory to a LGDCC trajectory in 2012, as illustrated in Fig. 22 . This is also reflective of UPM's circular economy-driven restructuring, which had a full-fledged start in 2013 enabling UPM to resurge through reframing itself within an emerging economy, as outlined in Fig. 7 .
This metabolic cycle corresponds to the planned obsolescence management cycle initiated by effective utilization and advancement of the internet. Notably, a higher obsolescence rate is frequent in emerging economies (rapid substitution to new technology), whereas a lower obsolescence rate is present in matured economies (technology life is extended in accordance with the principles of a circular economy). So, the trajectory of UPM transformed to that of an emerging economy and once again resurged, as reviewed in Fig. 7 . 
Conclusion
In light of the increasing significance of the transformation of a forest-based bioeconomy into a digital platform industry, a pioneer challenge initiated by UPM's planned obsolescence-driven circular economy was analyzed. A model explaining this transformation dynamism was developed and its reliability was demonstrated based on an empirical analysis of UPM's development trajectory.
The noteworthy findings described as following: (vi) UPM's planned obsolescence management strategy additionally enabled this metabolic shift. (vii) Hence, the trajectory of a planned obsolescence-driven circular economy enabled by the co-evolution of the coupling of bioeconomy and digitalization and of upstream and downstream operations can be considered the structural source of the resurgence of UPM within the digital economy.
These findings give rise to the following insightful suggestions for other industries confronting a similar stream of transformation: This approach is expected to provide new insights into the forest-based bioeconomy as well as to industries that are embracing digital solutions. However, since this approach focused on digital solutions, not taking other factors as natural resources, subsequent limitations of this analysis should be carefully recognized.
Furthermore, because of constraints stemming from the reliability of data, particularly data on technological obsolescence and rate of depreciation of sold goods and services, successive monitoring and empirical surveys are strongly recommended. In addition, since the abovementioned transformation has been still in its infancy, diversified possibilities should be carefully watched.
Further work should focus on addressing these constraints and performing further in-depth analyses of success and failure trajectories with respect to shifts in trajectories towards a circular economy. In addition, given the dynamic advancement of platform ecosystems amidst the digital economy, the comparison of noteworthy business models in the digital economy at large is another subject that should be addressed on a priority basis. Corresponding to change in , m also changes as follows (Watanabe, 1999) :
Similarly, market value at time t V t can be depicted as follows: 
where N: carrying capacity and a: velocity of diffusion.
Equation (9) develops the following simple logistic growth function (SLG):
where b: coefficient indicating the initial level of diffusion.
M A N U S C R I P T
A C C E P T E D ACCEPTED MANUSCRIPT 31 The critical level informing firms' decision to undertake R&D should satisfy the following balance (see Note):
where r: interest rate.
Similar to as a function of internet-driven learning for digital solutions, : can be depicted as a function of the internet-driven learning in an IoT society as follows:
where f: learning coefficient for sales promotion. This rate is also subject to the trends in sales (S) and technology stock (T). In addition, advancement of the internet expands the market leading to the extension of the life time of goods and services. Thus, δ is governed by h Y, E, as depicted in equation (13) .
Note: Internal rate of return of R&D investment
The critical level that informs firms' decision to undertake R&D is defined by the following discount rate (r: internal rate of return [IRR] of R&D investment), which should not be lower than the interest rate (Watanabe et al., 1997) . 
Provided that firms seek profitable R&D with minimum R&D investment and maximum utilization of digital solutions, the planned obsolescence strategy can be depicted as follows 6 : 
Provided that interest rate r is given by an external market independent from management, the following holds true: pn p (17) is negative in a matured economy (N > V > N/2) whereas the opposite occurs in an emerging economy (V < N/2).
In the case that g > r, On the basis of a historical review comparing different countries which is tabulated in Table 4 , the rate of obsolescence of technology in the Finnish PPI 7 in 1995 can be estimated as 7%. As reviewed in Section 2, UPM's development trajectory over the last quarter century has been shifting from an emerging economy to a matured economy informed by a circular economic strategy within a resurgent economy. This trajectory shift corresponds to the advancement of the digital economy, and the countermeasures to this shift largely depend on digital solutions led by the advancement of the internet (Tieto, 2017) .
With this understanding, UPM's rate of obsolescence of technology as part of its planned obsolescence strategy can be considered a function of the advancement of digital innovation represented by internet dependence (I) as follows: In addition, as reviewed in Fig. 13 , given firms' planned obsolescence management 7 Since pulp and paper industry is non-R&D intensive industry as demonstrated below, its pace of technological change is among the lowest group in the manufacturing industry. R&D intensity in 2014 (Japan's case): Pharmaceutical 7.8%, electronics 6.5%, chemicals 3.9%, machinery 3.7%, textiles 2.4%, pulp & paper 0.7%, food 0.6%. Taking all these factors into account, UPM's rate of obsolescence of technology over the 1990-2017 period was estimated by the following equation. The coefficient was identified by a heuristic approach, satisfying all conditions necessary for the planned obsolescence strategy, as illustrated in Fig. 13 . 
A3.2 Rate of Depreciation of Sold Goods and Services
While firms' strategy for planned depreciation of market value is based on the similar strategy of planned obsolescence of technology in principle (Keeble, 2013) , it is more sensitive to factors other than digital solutions (Disney et al., 2003; Obeng et al., 2014) .
As reviewed in Section 4, it is subject to the advancement of the internet, similar to , yet it is also subject to the trends in sales (S) and technology stock (T). Both generally react to saturate and/or substitute goods and services, leading to an increase in the rate of depreciation of market value : (Bosworth, 1978) . In addition, advancement of the internet reacts by extending the life cycle, leading to decreasing :. Therefore : G can be depicted by the following equation:
where A: scale factor and OE, • and •: coefficients.
Following the estimated rate of obsolescence of technology, the primary governing factor : L G e can be estimated as follows 9 : By means of a heuristic approach satisfying all conditions necessary for the planned obsolescence strategy, as illustrated in Fig. 12 , the coefficients of equation (19) were identified as follows: Energy Price: Average annual OPEC crude oil price (Statista, 2018) ; energy cost and prices were deflated by GDP deflator. In the case that H > 1, p /pE < 0 (see Appendix 2) . Table 2 demonstrates 
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